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HIGHLIGHTS 


►  Au/Ni— P  multilayer  coatings  on  Al-alloy  BPPs. 

►  Using  electroless  nickel  immersion  gold  technique  to  prepare  complex  coatings. 

►  Al-alloy  BPP  with  Au/Ni— P  coating  has  excellent  conductivity  and  corrosion  resistance. 
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Cheap,  lightweight,  and  malleable  Al-alloy  5052  is  suggested  as  alternative  materials  of  graphite  bipolar 
plates  (BPPs)  in  proton  exchange  membrane  fuel  cells  (PEMFCs).  This  work  presents  the  first  research  in 
producing  Au/Ni— P  multilayer  coatings  on  Al-alloy  BPPs  using  an  electroless  Ni— P  along  with  immersion 
gold  techniques.  The  modified  Al-alloy  BPPs  are  investigated  to  evaluate  the  coating  structure,  corrosion 
resistance,  interfacial  contact  resistance,  electrochemical  impedance  of  single  cells,  and  single  cell 
performance.  The  results  indicate  that  the  Al-alloy  BPPs  with  Au/Ni-P  coatings,  in  which  Ni— P  is 
prepared  at  pH  4.5,  reveal  the  lowest  contact  resistance  and  the  best  corrosion  resistance 
(JCOrr  =  8.43  x  10-6  A  cm-2)  in  a  0.5  M  H2S04  +  2  ppm  HF  solution  among  all  of  the  modified  specimens. 
The  electrochemical  impedance  of  the  Au/Ni— P  coating  after  long-term  operation  is  9.1  mQ.  In  addition, 
the  power  density  of  the  single  cells  assembled  with  the  Au/Ni— P/Al-alloy  BPPs  is  0.84  W  cm-2  measured 
at  a  cell  voltage  of  0.7  V,  comparable  to  that  with  graphite  BPPs  (0.80  W  cm-2),  in  the  test  conditions  of 
this  study.  We  find  that  the  Au/Ni— P  multilayer  coating  is  very  appropriate  for  modifying  Al-ally  BPPs  in 
PEMFC  systems. 

©  2012  Elsevier  B.V.  All  rights  reserved. 


1.  Introduction 

The  proton  exchange  membrane  fuel  cell  (PEMFC)  is  one  of  the 
most  valuable  fuel  cell  systems.  It  possesses  the  advantages  of 
working  at  low  temperature,  starting  quickly,  and  converting 
hydrogen  and  oxygen  (or  air)  to  electricity  with  water  as  the  only 
residual  product  [1,2].  The  bipolar  plate  (BPP)  is  one  of  the  signif¬ 
icant  parts  of  the  cell  stack  in  PEMFC  systems  [2,3].  Conventionally, 
substrates  made  of  graphite  have  been  generally  used  as  bipolar 
plates  in  PEMFCs.  However,  the  bipolar  plates  make  up  about  eighty 
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percent  of  the  fuel  cell  stack’s  mass  and  volume,  impeding  fuel  cells 
from  the  commercial  feasibility  [4].  The  employment  of  metallic 
BPPs  has  received  attention  recently  due  to  the  ease  of 
manufacturing  a  flow-field  pattern  and  the  consideration  in 
designs  of  a  smaller  and  thinner  stack.  However,  the  inferior 
corrosion  resistance  of  metals  and  the  high  contact  electrical 
resistance  induced  by  the  formation  of  oxide  on  the  metal  surface, 
unfortunately,  would  result  in  poisoning  the  membrane  [5,6]  and 
deteriorate  the  performance  of  fuel  cells  [6,7].  Therefore,  suitable 
coatings  must  be  employed  to  improve  surface  characters  of  the 
metal  bipolar  plate. 

In  general,  A1  alloys  have  the  characteristics  of  lightweight,  high 
specific  strength  and  rigidity,  inexpensive  price,  and  easy  pro¬ 
cessing  [5].  The  cheap  and  malleable  aluminum  alloy  5052  is 
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therefore  suggested  as  alternative  materials  of  graphite  plates  in 
this  research  to  lower  the  manufacturing  cost  of  BPPs  and  allow  the 
designs  of  smaller  and  thinner  stacks  in  PEMFCs.  However,  surface 
modification  of  the  Al-alloy  bipolar  plate  must  be  done  to  achieve 
the  anti-corrosion  and  high  conductivity  properties  [8].  Lin  et  al. 
performed  a  research  on  anti-corrosion  properties  and  structures  of 
Ni— P  coatings  produced  via  an  electroless  method.  The  results 
showed  that  the  Ni-P  coating  prepared  at  pH  4.3  and  70  °C 
possessed  an  amorphous  structure  and  the  best  corrosion  resis¬ 
tance  (/COrr  =  3  x  10-5  A  cm-2)  [9].  Moreover,  Bai  et  al.  carried  out 
an  investigation  on  anti-corrosion  properties  of  Al  bipolar  plates 
with  Ni-Mo-P  deposits.  The  deposit  produced  in  the  electrolyte 
with  4.13  x  10~2  M  Na2Mo04  at  pH  7.0  and  70  °C  showed  the  lowest 
corrosion  density  (JCOrr  =  4  x  10-6  A  cm-2).  Nevertheless,  a  few 
metal  ions  were  still  dissolved  from  the  bipolar  plates  for  a  long¬ 
term  test  period  [10].  It  is  obvious  that  the  Ni-based  alloy  coating 
can  improve  anti-corrosion  property  of  Al  alloys,  but  the  improving 
efficiency  of  Ni-based  alloys  is  insufficient  for  using  in  PEMFC 
environment. 

So  far,  noble  metals  with  excellent  chemical  nobility  and  elec¬ 
trical  conductivity  are  regarded  as  the  protector  of  metal  bipolar 
plates  [11,12].  This  is  the  most  mature  and  effective  surface  modi¬ 
fication  technique  to  improve  metal  BPPs,  but  the  price  of  noble 
metals  is  expensive.  Therefore,  how  to  enhance  the  effect  and 
reduce  the  consumption  of  noble  metals  becomes  the  key  tech¬ 
nology.  Wang  et  al.  electroplated  a  gold  coating  with  thickness  of 
about  2  pm  on  a  titanium  bipolar  plate.  The  results  showed  that 
after  surface  modification  the  single  cell  performance  was  better 
than  the  graphite  bipolar  plates  [13].  Jung  et  al.  also  deposited  gold 
coatings  on  titanium  plates  by  sputtering  method.  The  results 
showed  that  when  the  thickness  of  gold  coating  was  less  than 
0.8  pm,  the  cell  performance  decreased  rapidly  during  cycling  test 
because  of  the  coating  deterioration.  According  to  the  previous 
reports  mentioned  above,  the  feasibility  of  improving  the  perfor¬ 
mance  of  metal  bipolar  plates  via  gold  coatings  was  proved  [14]. 
Moreover,  it  is  necessary  to  enhance  the  denseness  and  reduce  the 
defects  of  gold  coatings  in  order  to  reduce  the  gold  usage. 

For  resolving  the  problems  faced  in  metal  bipolar  plates  and  the 
preparation  of  precious  metal  plating,  this  study  presents  the  first 
research  in  producing  complex  coatings  using  an  electroless  Ni-P 
along  with  immersion  gold  techniques.  The  electroless  Ni-P  coat¬ 
ings  were  firstly  produced  on  the  Al  bipolar  plate  at  various  pH 
values  to  increase  its  corrosion  resistance  [15-17].  Next,  electroless 
nickel  immersion  gold  (ENIG)  technique  was  used  to  prepare  gold 
coatings  on  the  Ni-P  alloys.  The  ENIG  method  can  produce  a  dense 
and  low  porosity  gold  coating,  which  is  difficult  to  prepare  by 
electroplating  gold  technique  [18,19],  and  therefore  the  thickness  of 
gold  coating  for  protecting  metal  bipolar  plates  can  be  less  than 
1  pm.  In  this  work,  the  relationship  between  coating  conditions  and 
operating  parameters  of  electroless  Ni-P  and  immersion  gold 
processes  is  examined.  Moreover,  the  structure  and  composition  of 
the  electroless  Ni-P  alloys  were  modulated  to  produce  a  quality 
gold  coating  with  high  conductivity  and  excellent  corrosion  resis¬ 
tance.  Finally,  the  performance  of  single  cell  assembled  with 
surface  modified  bipolar  plates  was  investigated  and  discussed. 

2.  Experimental 

2.1.  Fabrication  of  metal  bipolar  plates 

Al-alloy  5052  with  surface  roughness  (fta)  of  about  0.28  pm  was 
used  as  the  substrate  material  of  bipolar  plates.  The  chemical 
composition  of  Al-alloy  5052  is  listed  in  Table  1.  The  surface 
morphology  of  machined  substrates  was  not  modified  in  order  to 
increase  the  contact  area  of  the  BPP  and  gas  diffusion  layer  (GDL), 


Table  1 

The  chemical  composition  of  aluminum  alloy  5052  (in  wt%). 


Elements 

Si 

Fe 

Cu 

Mg 

Ti 

Mn 

Cr 

Zn 

Al 

wt% 

0.25 

0.4 

0.10 

2.8 

0.15 

0.1 

0.15 

0.1 

Rest 

because  the  contact  resistance  between  BPP  and  GDL  can  be 
effectively  diminished  by  texturing  the  surface  morphology  of  BPP 
to  match  the  morphology  of  GDL. 

The  aluminum  substrate  was  pre-treated  for  Zn  replacement  in 
two  steps  prior  to  the  Ni-P  electroless  deposition  process.  The  bath 
composition  and  deposition  conditions  of  Zn  replacement  are  listed 
in  Table  2.  Step  one  —  The  specimens  were  immersed  in  a  NaOH  base 
solution  (pH  12)  for  3  min,  and  cleaned  with  deionized  water.  A  nitric 
acid  solution  (30%  HNO3)  was  used  to  pickle  the  surface  of  the 
specimens  for  3  min,  and  the  specimens  were  cleaned  with  deion¬ 
ized  water  again.  The  surface  replacement  of  Zn  was  then  practiced 
by  dipping  the  specimens  in  the  Zn  electrolyte  for  one  min.  Step 
two  -  The  specimens  that  underwent  the  step  one  were  immersed 
in  a  nitric  acid  solution  (30%  HNO3)  for  2  min,  and  cleaned  with 
deionized  water.  Then,  the  specimens  were  dipped  in  the  Zn  elec¬ 
trolyte  for  2  min.  After  two  steps  of  the  Zn  replacement  procedure, 
the  specimens  were  immersed  into  a  Ni— P  electroless  solution  at 
various  pH  values  and  85  °C  to  produce  the  Ni-P  deposits  on  the 
substrates.  The  depositing  bath  and  conditions  for  preparing  Ni-P 
coatings  are  listed  in  Table  3.  Following  the  Ni-P  deposition  proce¬ 
dures,  the  specimens  with  Ni-P  deposits  were  conducted  the 
immersion  Au  process.  The  depositing  bath  and  conditions  for 
preparing  immersion  Au  coatings  are  listed  in  Table  4.  The  Ni-P 
coatings  prepared  at  pH  4.5,  5.5,  and  6.5,  were  denoted  as  NDU- 
EN-1,  NDU-EN-2,  and  NDU-EN-3,  respectively.  The  corresponding 
specimens  subjected  to  the  immersion  Au  process  were,  accordingly, 
denoted  as  NDU-ENIG-1,  NDU-ENIG-2,  and  NDU-ENIG-3. 


2.2.  Materials  analyses  and  electrochemical  test 

Surface  morphologies,  cross-sectional  microstructures,  and 
chemical  compositions  of  the  deposits  were  examined  by  field 
emission  scanning  electron  microscopy  (FE-SEM)  with  X-ray 
energy  dispersive  spectrometry  (EDS),  and  electron  probe  micro¬ 
analysis  (EPMA)  with  X-ray  wavelength  dispersive  spectrometry 
(WDS).  The  crystal  structures  of  Ni-P  deposits  were  characterized 
using  a  grazing  incidence  (incident  angle  of  0.5°)  X-ray  diffrac¬ 
tometer  with  monochromatic  Cu-Ka  radiation  generated  at  25  kV 
and  25  mA  (wavelength  =  1.542  A). 

The  potentiodynamic  polarization  was  employed  to  investigate 
the  general  corrosion  behaviors  of  the  Ni-P  and  Au  coatings 
exposed  area  of  about  1  cm2  in  a  0.5  M  H2SO4  +  2  ppm  HF  solution 
without  purging  any  gases  at  room  temperature.  A  standard  three- 
electrode  cell  system  with  Ag/AgCl  (197  mV  versus  SHE),  platinum 
electrode,  and  the  specimens  were  used  as  a  reference,  counter,  and 
working  electrode,  respectively.  The  specimens  were  initially 
stabilized  in  the  solution  at  open  circuit  for  3  min,  and  then  the  scan 
was  started  from  this  open  circuit  potential.  The  sweeping  potential 

Table  2 

The  bath  composition  and  operating  conditions  of  Zn  replacement. 


Bath  composition  and  parameters  Concentration/Condition 


NaOH 

12.5  M 

ZnO 

0.92  M 

FeCl3.6H20 

0.0037  M 

NaN03 

0.012  M 

KNaC4H406.4H20 

0.0071  M 

Bath  temperature 

25  °C 
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Table  3 

Bath  composition  and  deposition  conditions  for  Ni— P  plating. 
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Bath  composition  and  parameters 

Concentration/Condition 

NiS04.6H20 

0.11  M 

C3H503Na 

0.08  M 

NaH2P02.H20 

0.28  M 

c2h5o2n 

0.13  M 

Bath  temperature 

85  °C 

Deposition  time 

30  min 

Solution  pH 

4.5,  5.5,  6.5 

range  was  from  -0.25  V  to  +0.25  V  referred  to  the  open  circuit 
potential  with  a  scanning  rate  of  0.166  mV  s-1. 


2.3.  Interfacial  contact  resistance  (ICR)  measurement 


^ — 1 


Insulation  Plate 


Copper  Plate 

Bipolar  Plate 


Copper  Plate 

Insulation  Plate 


L 

GDL 


In  this  work,  the  interfacial  contact  resistance  between  the 
specimen  and  gas  diffusion  layer  was  evaluated  with  the  measure¬ 
ment  techniques  well  documented  in  our  previous  reports  [20]. 
Fig.  1  shows  the  schematic  diagram  of  the  measurement  method  for 
interfacial  contact  resistance  between  the  coated  Al-alloy  BPPs  and 
GDLs,  which  is  similar  to  the  report  found  by  Wang  et  al.  [21  ].  The 
range  of  the  operating  load  was  0-196  N  cm-2  for  recording  ICR 
values  at  every  9.8  N  cm'2.  The  total  resistance  of  combined 
components  shown  in  Fig.  1  can  be  measured  depending  on  the 
compaction  force,  and  the  ICR  values  can  be  derived  by  Eq.  (1 ). 

ICR  =  — 2"“^  x  A  (1) 

where  R,  Rcp,  and  A  are  on  behalf  of  measured  total  resistance, 
resistance  of  carbon  paper  (GDL),  and  surface  area,  respectively. 
Besides,  the  resistance  of  carbon  paper  used  in  this  work  is  about 
3.8— 7.2  mQ. 

2.4.  Single  cell  tests 

The  bipolar  plate  used  in  this  work  was  machined  a  single 
serpentine  flow-field  pattern  with  an  area  of  25  cm2  (5  cm  x  5  cm), 
as  shown  in  Fig.  2.  Single  PEM  cells  were  fabricated  with  the  Ni-P 
or  Au/Ni-P  coated  Al-alloy  BPPs.  The  membrane  electrode 
assembly  (MEA)  consisted  of  Nafion-112  membranes  and  Torry 
paper  with  a  catalyst  loading  of  0.2  mg  cm'2  on  anode  and 
0.4  mg  cm'2  on  cathode  electrode.  The  active  area  of  the  Nafion- 
112  membrane  was  25  cm2. 

Prior  to  the  cell  operation,  nitrogen  was  used  to  purge  the  cell 
of  residual  gases.  Pure  hydrogen  and  oxygen  were  used  as  reac¬ 
tant  gases  at  the  anode  and  cathode  sides  with  the  flow  rates  of 
210  seem  and  140  seem,  respectively.  The  temperature  of  the  fully 
humidified  flow  gas  and  cell  was  set  at  333  K.  Cell  voltages  as 
a  function  of  current  density  for  the  tested  single  cells  were 
measured  in  the  operation  region  of  0.9-0.35  V.  Moreover,  initial 
and  long-term  electrochemical  impedance  spectroscopy  (EIS) 
measurements  of  single  cells  were  conducted  in  the  testing 

Table  4 

Bath  composition  and  deposition  conditions  for  Au  immersion  plating. 


Bath  composition  and  parameters  Concentration/Condition 


KAu(CN)2 

0.03  M 

NH4C1 

0.72  M 

C6H5Na307.2H20 

0.20  M 

Bath  temperature 

90  °C 

Deposition  time 

15  min 

Solution  pH 

7.0 

Fig.  1.  The  schematic  diagram  of  interfacial  contact  resistance  test. 


environment  of  0.6  V  and  333  K.  Each  EIS  spectrum  was  recorded 
to  construct  the  Nyquist  plots.  In  the  impedance  spectroscopy 
spectra  of  Nyquist  plots,  the  high  frequency  intercept  of  the  single 
impedance  arc  on  the  real  axis  (Rq)  represents  the  total  ohmic 
resistance  of  the  cell.  The  cell  ohmic  resistance  can  be  expressed 
as  the  sum  of  the  contributions  from  contact  resistances  between 
components  and  ohmic  resistances  of  the  cell  components  such 
as  the  membrane,  catalyst  layer,  gas  diffusion  layer,  and  bi¬ 
polar  plates.  Moreover,  the  diameter  of  the  kinetic  loop,  Rct,  is 
a  measure  of  the  charge  transfer  resistance  of  the  oxygen  reduc¬ 
tion  reaction  [23].  Then,  the  impedance  spectra  can  be  used  to 
determine  the  cell  resistance  and  evaluate  the  decay  factors  of  cell 
performance. 

3.  Results  and  discussion 

3.1.  Effect  of  bath  pH  on  the  structure  ofN—P  coatings 

High  contact  resistance  existing  in  the  interface  between  BPPs 
and  GDLs  is  one  of  the  most  important  issues  of  metallic  bipolar 
plates.  The  contact  resistance  between  BPP  and  GDL  can  be 
effectively  diminished  by  modifying  the  surface  composition  and 
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Fig.  2.  The  schematic  diagram  of  Ai-alloy  bipolar  plate  with  flow-field  pattern. 
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texturing  the  surface  morphology  [22].  In  order  to  increase  the 
contact  area  of  the  BPP  with  GDL  and  simplify  the  process,  this 
study  used  the  raw  Al-alloy  substrate  without  mechanically 
polish. 

Fig.  3  shows  the  surface  morphology  of  the  Ni-P  deposits 
prepared  at  85  °C  and  various  pH  values  (pH  4.5,  5.5,  and  6.5).  The 
morphology  of  machined  marks  can  still  be  observed  after  depos¬ 
iting  a  thin  Ni-P  coating  on  the  Al-alloy  substrate.  Moreover,  the 
pH  value  is  one  of  the  most  important  factors  for  surface 
morphologies  and  compositions  of  electroless  Ni-P  coatings.  In  the 
beginning  of  electroless  Ni-P  depositing  process,  Ni2+  in  the 
solution  reacts  first  with  OH“  to  form  a  transition  product,  Ni(OH)2, 
based  on  the  coordination  relation.  Then,  the  Ni(OH)2  reacts  with 
H2P02  to  form  a  complex  of  NiOH+,  and  finally  reduce  to  Ni  metal 
state  and  deposit  onto  the  substrate.  Hence,  the  higher  the  pH 
values,  the  faster  growth  rate  of  deposits,  and  the  larger  granular 
size  of  deposits.  As  seen  in  the  figures,  the  surface  morphologies  of 
the  Ni-P  deposits  reveal  obviously  that  the  amounts  of  cracks  and 
holes  increase  with  increasing  pH  values  in  the  electroless  bath. 
That  is  response  to  higher  pH  values  with  higher  driving  force  of 
metal  reduction  in  the  Ni-P  deposition  process.  It  can  be  expected 
that  the  coatings  with  cracks  and  holes  are  prone  to  be  attacked  by 
corrosion  media. 

Table  5  shows  the  EDS  compositional  analyses  of  Ni-P  coatings 
prepared  at  various  pH  values.  It  is  found  that  the  P  concentration 
of  Ni-P  coatings  increased  with  descending  pH  values  in  the  baths. 
Fig.  4  shows  the  X-ray  diffraction  results  of  various  Ni-P  deposits. 
The  diffraction  pattern  of  the  NDU-EN-3  coating  shows  a  sharp  Ni 
(111)  peak,  but  the  NDU-EN-2  and  NDU-EN-1  coatings  exhibit  an 
extremely  broadened  base  with  a  Ni  (111)  peak.  It  reveals  that  the 
NDU-EN-3  coating  has  a  crystallized  structure,  but  the  NDU-EN-2 
and  NDU-EN-1  coatings  possess  an  amorphous-like  or  a  mixed 
structure  composed  of  an  amorphous  matrix  and  some  crystalline 
regions  distributed  in  the  matrix.  Moreover,  the  broadened  base  of 
the  NDU-EN-1  is  wider  than  that  of  the  NDU-EN-2,  indicating  that 
the  crystallization  degree  of  the  Ni-P  coatings  increase  with 
increasing  pH  values  in  the  depositing  bath.  The  P  content  plays  an 
important  role  in  adjusting  the  structure  and  property  of  Ni-P 
alloys.  While  P  content  in  the  electroless  Ni-P  alloys  is  high 
enough  to  a  supersaturated  state,  the  Ni-P  alloys  would  become 
microcrystalline  or  amorphous  structure.  The  same  behavior  has 
been  observed  in  other  studies  on  electroless  Ni-P  deposition  [16]. 

According  to  the  EDS  and  XRD  analyzed  results  of  the  Ni— P 
coatings,  the  increase  in  the  pH  value  caused  the  decrease  of  P 
concentration  and  better  crystallization  of  electroless  Ni-P 
deposits.  However,  the  Ni-P  coatings  in  amorphous  state  may 
possess  better  corrosion  resistance  than  that  of  crystalline 
structure. 

3.2.  Electroless  nickel  immersion  gold  plating 


Electroless  nickel  immersion  gold  (ENIG)  consists  of  an  elec¬ 
troless  nickel  plating  covered  with  a  thin  layer  of  immersion  gold, 
which  is  reduced  from  the  immersion  bath.  During  the  ENIG 
process,  Ni  in  the  electroless  Ni— P  coating  dissolved  into  the 
immersion  bath  and  release  electrons  to  promote  gold  reduction 
and  deposit  on  the  Ni-P  coating.  Gold  possesses  excellent 
conductivity  and  superior  chemical  stability,  which  can  be 
employed  to  protect  the  BPP’s  substrate  from  corrosion  and 
decrease  the  interfacial  contact  resistance  between  BPP  and  GDL. 
Furthermore,  the  presence  of  Ni-P  coating  can  enhance  the 
adhesion  of  gold  and  aluminum  substrate  and  reduce  the  usage  of 
gold. 

Fig.  5  shows  the  FE-SEM  surface  morphology  of  immersion  Au 
deposited  on  the  Ni-P  alloys  produced  at  different  pH  values, 


Fig.  3.  SEM  surface  morphologies  of  the  Ni-P  deposits  prepared  at  different  pH 
values;  (a)  NDU-EN-1  (pH  4.5),  (b)  NDU-EN-2  (pH  5.5),  (c)  NDU-EN-3  (pH  6.5). 

representing  that  the  surface  of  ENIG  plates  composed  of  taper 
granules.  The  NDU-ENIG-1  plate  surface  is  fine  and  smooth. 
Conversely,  the  NDU-ENIG-2  and  NDU-ENIG-3  plate  surface  exhibit 


Table  5 

The  composition  percentage  (at.%)  of  various  Ni— P  deposits. 


Specimen  name 

Elements 

Ni 

P 

NDU-EN-1  (pH  =  4.5) 

80.9 

19.1 

NDU-EN-2  (pH  =  5.5) 

83.8 

16.2 

NDU-EN-3  (pH  =  6.5) 

87.1 

12.9 
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Fig.  4.  XRD  patterns  of  Ni-P  deposits  prepared  at  various  pH;  (a)  NDU-EN-1,  (b)  NDU- 
EN-2,  (c)  NDU-EN-3. 

some  crevices  and  holes.  The  amounts  of  crevices  and  holes  on 
ENIG  plates  increase  with  increasing  the  granular  size  of  Ni-P 
substrates,  indicating  that  the  defects  in  the  ENIG  plates  increase 
with  increasing  the  pH  values  for  depositing  the  Ni-P  substrates. 
Moreover,  the  defects  in  the  ENIG  plates  would  be  the  short-cut  of 
corrosion  media  to  attack  the  substrates. 

Fig.  6(a)-(c)  presents  the  cross-sectional  SEM  images  of  ENIG 
deposited  on  the  Ni-P  alloys  produced  at  various  pH  values.  All  of 
the  Au  plates  bonded  well  to  the  Ni-P  alloys,  and  the  Au  plate 
thickness  of  NDU-ENIG-1,  NDU-ENIG-2,  and  NDU-ENIG-3  is 
approximately  0.21,  0.37,  and  0.52  pm,  respectively.  It  is  found  that 
the  thickness  and  structure  of  the  Au  plates  were  obviously 
changed  with  the  morphology  and  Ni  contents  of  the  Ni-P 
substrates.  As  previously  mentioned,  the  Ni-P  alloy  produced  at 
higher  pH  value  possessed  larger  granular  size,  rougher  surface 
morphology,  and  higher  Ni  content  due  to  faster  deposition  rate. 
Moreover,  the  electroless  Ni-P  coating  with  higher  nickel  content 
dissolved  larger  amounts  of  Ni  to  participate  in  the  immersion 
reaction,  and  then  Au  replacement  and  deposition  rate  was 
advanced  by  large  amounts  of  electrons  released  from  the  dissolved 
nickel.  Therefore,  the  thickness  of  Au  films  on  the  Ni— P  substrates  is 
in  the  order  of  NDU-ENIG-1  <  NDU-ENIG-2  <  NDU-ENIG-3. 
However,  the  Au  film  produced  on  higher  Ni-content  substrate  has 
more  defects  (holes)  and  is  looser  than  that  deposited  on  lower  Ni- 
content  substrates,  because  the  Au  immersion  reaction  rate  was  too 
fast.  Hence,  the  NDU-ENIG-1  coating  is  denser  and  more  anti¬ 
corrosive  than  NDU-ENIG-2  and  NDU-ENIG-3  coatings. 

3.3.  Corrosion  behaviors  of  Ni—P  and  Au/Ni—P  coatings 

In  the  previous  literature  [9],  Lin  et  al.  carried  out  a  corrosion 
test  of  Ni-P  coatings  on  Al-alloy  BPPs  in  a  0.5  M  H2SO4  +  2  ppm  HF 
solution,  and  presented  that  the  nickel-based  alloys  have  excellent 
protective  effect.  To  compare  the  corrosion  resistance  of  Ni-P  and 
Au/Ni-P  multilayer  coatings  on  the  Al-alloy,  the  corrosion  behav¬ 
iors  of  the  Al-alloy  without  and  with  various  deposits  were  inves¬ 
tigated  via  potentiodynamic  polarization  curve  measurements 
under  the  same  conditions  as  the  previous  literature.  The  polari¬ 
zation  curves  of  all  tested  specimens  are  shown  in  Fig.  7,  and  cor¬ 
responding  corrosion  current  density  and  corrosion  potential  are 
listed  in  Table  6.  For  the  Ni—P  coatings,  the  corrosion  current 


Fig.  5.  The  surface  morphology  of  electroless  nickel  immersion  gold  coatings;  (a)  NDU- 
ENIG-1,  (b)  NDU-ENIG-2,  (c)  NDU-ENIG-3. 

density  of  NDU-EN-1,  NDU-EN-2,  and  NDU-EN-3  are  8.43  x  10“6, 
1.78  x  10-5,  and  3.41  xlCT5  A  cm-2,  respectively.  This  result  indi- 
cates  that  the  corrosion  resistance  of  NDU-EN-1  coating  is  better 
than  NDU-EN-2  and  NDU-EN-3  coatings.  After  immersion  gold 
plating  process,  the  corrosion  current  density  of  the  Al-alloy  with 
NDU-ENIG-1,  NDU-ENIG-2,  and  NDU-ENIG-3  coatings  reduced  to 
3.46  x  10-6,  9.36  x  1CT6,  and  8.64  x  1CT6  A  cm-2,  respectively. 
From  the  above  results,  it  is  obviously  that  the  corrosion  resistance 
of  the  Al-alloy  is  inferior,  and  both  Ni—P  and  Au/Ni—P  multilayer 
coatings  reduce  the  corrosion  rate  of  the  Al-alloy.  The  corrosion  rate 
of  ENIG  deposits  can  be  at  least  1  or  2  orders  of  magnitude  lower 
than  the  Al-alloy. 
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Fig.  6.  The  cross-sectional  images  of  ENIG  coatings;  (a)  NDU-ENIG-1,  (b)  NDU-ENIG-2, 
(c)  NDU-ENIG-3. 


Comparing  the  corrosion  result  of  Ni— P  with  Au/Ni— P  coatings, 
the  corrosion  potential  of  ENIG  deposits  is  higher  than  that  of  the 
electroless  Ni-P  coatings,  but  the  corrosion  current  density  is 
lower,  revealing  that  the  corrosion  resistance  of  the  ENIG  deposits 
is  better  than  that  of  the  electroless  Ni-P  coatings.  Moreover,  the 
corrosion  resistance  of  ENIG  deposit  produced  on  lower  Ni-content 


Current  density  (A  cm'2) 


Fig.  7.  The  polarization  curves  of  the  Al-alloy  without  and  with  various  deposits. 

substrate  (NDU-ENIG-1)  is  better  than  that  of  higher  Ni-content 
substrate  (NDU-ENIG-2  and  NDU-ENIG-3),  because  the  NDU- 
ENIG-1  coating  is  denser  than  others.  This  result  is  in  agreement 
with  the  SEM  observation  of  the  Au/Ni-P  coating  structures. 
According  to  the  corrosion  test  results,  the  NDU-EN-1  and  NDU- 
ENIG-1  coatings  were  selected  to  modify  the  Al-alloy  bipolar 
plates  in  a  single  cell  test. 

3.4.  Interfacial  contact  resistance 

The  specimens  of  bare  Al-alloy  and  that  with  NDU-EN-1  or 
NDU-ENIG-1  coatings  were  employed  as  the  bipolar  plates  for 
interfacial  contact  resistance  measurement  in  this  work.  Fig.  8 
shows  the  interfacial  contact  resistance  curves  of  the  BPPs  (Al- 
alloy,  NDU-EN-1,  and  NDU-ENIG-1)  measured  at  various  compac¬ 
tion  pressures.  The  contact  resistance  of  all  measured  specimens 
decrease  markedly  with  increasing  compaction  pressure  as  the 
pressure  is  lower  than  50  N  cm-2.  At  the  pressure  range  of 
50-100  N  cm-2,  the  contact  resistance  decrease  moderately  with 
increasing  compaction  pressure.  While  compaction  pressure  is 
higher  than  100  N  cm-2,  the  change  of  contact  resistance  is  more 
smooth  with  raising  compaction  pressure. 

The  contact  resistance  of  raw  Al-alloy  is  the  highest  at  various 
compaction  pressures  among  all  tested  specimens  because  of  the 
formation  of  passive  Al  oxides  on  the  surface.  It  is  well  known  that 
the  composition  of  coating  is  one  of  the  main  factors  to  affect  the 
ICRs.  The  specimens  with  NDU-EN-1  coatings  possess  lower 
contact  resistance  values  than  that  of  raw  Al  alloys,  because  the 
Ni— P  alloys  have  the  better  conductivity  than  that  of  Al  oxides.  In 
addition,  the  bipolar  plate  with  NDU-ENIG-1  deposits  represent  the 
lowest  ICR  values,  which  contribute  to  high  conductivity  of  Au 
coating  and  good  bonding  between  Au  and  Ni-P  alloys.  Further¬ 
more,  the  ICR  value  of  NDU-ENIG-1  is  4  mQ  cm2  at  the  compaction 
pressure  of  140  N  cm-2,  which  achieves  the  goal  of  U.S.  DOE  for 
bipolar  plate  application.  It  reveals  that  the  Al-alloy  BPP  with  NDU- 


Table  6 

The  corrosion  parameters  of  the  Al-alloy  without  and  with  various  coatings. 


Specimens 

/corr(Acm  2) 

£corr  (V) 

Al-alloy 

1.44  x  1CT4 

-0.724 

NDU-EN-1 

8.43  x  10"6 

-0.194 

NDU-EN-2 

1.78  x  KT5 

-0.223 

NDU-EN-3 

3.41  x  1CT5 

-0.276 

NDU-ENIG-1 

2.46  x  1(T6 

-0.087 

NDU-ENIG-2 

9.36  x  1CT6 

-0.107 

NDU-ENIG-3 

8.64  x  1CT6 

-0.208 
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Fig.  8.  Interfacial  contact  resistance  of  the  Al-alloy,  NDU-EN-1,  and  NDU-ENIG-1  as 
a  function  of  compaction  pressures. 


ENIG-1  coating  has  an  advantageous  effect  on  surface  conductivity 
for  the  application  in  PEM  fuel  cell  systems. 


3.5.  EIS  measurements  of  single  cells 

In  order  to  evaluate  the  decay  factors  of  cell  performance,  initial 
and  long-term  EIS  measurements  of  single  cells  assembled  with  the 
BPPs  of  graphite,  NDU-ENIG-1,  NDU-EN-1,  and  Al-alloy  were  con¬ 
ducted  in  the  testing  environment  of  0.6  V  and  333  K.  Fig.  9(a)  and 
(b)  represents  the  Nyquist  plots  of  the  electrochemical  impedance 
spectra  at  initial  and  long-term  states,  respectively,  in  each  cycle 
consisted  of  one  semicircle  in  high  frequency  range.  The  high 
frequency  impedance  of  graphite,  NDU-ENIG-1,  NDU-EN-1,  and  Al- 
alloy  at  initial  stage  was  7.2,  8.3,  10.5,  and  13  mQ,  respectively, 
indicating  that  there  is  a  good  electrical  conductivity  (low  imped¬ 
ance)  between  the  BPPs  and  GDLs.  The  high  frequency  impedance 
of  graphite  and  NDU-ENIG-1  increased  slightly  after  100  h  oper¬ 
ating,  and  was  7.7  and  9.1  mQ,  respectively.  However,  the  imped¬ 
ance  of  NDU-EN-1  and  Al-alloy  enhanced  significantly  to  18.6  and 
35.9  mQ,  respectively,  after  only  60  h  operating.  The  result  shows 
the  bipolar  plates  of  NDU-EN-1  and  Al-alloy  were  corroded  in  the 
cell  environment  and  produced  an  oxide  layer  on  the  surface 
resulting  in  an  obvious  increase  of  the  contact  resistance  after  long¬ 
term  operating.  But,  the  corrosion  resistance  of  NDU-ENIG-1  BPP  is 
outstanding,  and  the  oxidation  is  not  easy  to  occur  on  its  surface 
even  undergoing  a  long-term  test. 

3.6.  Single  cell  performance 

The  initial  I—V  curves  of  single  cells  assembled  with  the  BPPs  of 
graphite,  NDU-ENIG-1,  NDU-EN-1,  and  Al-alloy  are  compared  in  Fig.  10. 
The  open  circuit  voltage  (OCV)  of  the  cells  fabricated  with  graphite, 
NDU-ENIG-1,  NDU-EN-1,  and  Al-alloy  is  0.921,  0.923,  0.893,  and 
0.872  V,  respectively.  The  voltage  and  performance  for  the  single  cell 
with  various  BPPs  used  in  this  test  were  similar  at  low  current  density, 
but  the  difference  in  the  cell  performance  was  becoming  large  more 
and  more  while  the  operating  current  density  was  increasing.  It  is 
obviously  that  the  voltage  and  performance  for  the  single  cell  with 
NDU-EN-1  BPPs  are  higher  than  those  with  raw  Al-alloy  BPPs,  but 
lower  than  that  with  NDU-ENIG-1  and  graphite  BPPs.  The  voltage  and 
performance  of  single  cell  with  NDU-ENIG-1  bipolar  plates  are  almost 
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Fig.  9.  The  Nyquist  plots  of  graphite,  NDU-ENIG-1,  NDU-EN-1,  and  Al-alloy  bipolar 
plates  constructed  at  (a)  initial  and  (b)  long-term  stages. 
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equivalent  to  that  with  graphite  BPPs  at  all  current  density.  Moreover, 
the  power  density  of  the  cells  fabricated  with  NDU-ENIG-1  BPPs  and 
graphite  BPPs  is  0.84  W  cm-2  and  0.80  W  cm-2  at  a  cell  voltage  of  0.7  V, 
respectively,  indicating  that  the  performance  of  single  cell  assembled 
with  NDU-ENIG-1  BPPs  is  better  than  traditional  graphite  BPPs. 
Therefore,  the  Au/Ni— P  multilayer  coating  exhibits  much  improved 
performance  and  is  suitable  for  the  application  of  Al-based  bipolar 
plates  in  PEMFC  systems. 

The  BPP’s  properties  that  mainly  affect  the  performance  of  fuel 
cells  are  the  corrosion  resistance  and  interfacial  contact  resistance, 
which  are  generally  related  to  the  superficial  composition  of  coat¬ 
ings.  The  well  performance  of  NDU-ENIG-1  BPPs  can  refer  to  the 
excellent  conductive  and  anti-corrosive  properties  of  the  Au 
deposit,  and  the  inferior  performance  of  Al-alloy  BPPs  can  attribute 
to  its  poor  surface  conductivity  and  corrosion  resistance.  Moreover, 
the  improved  performance  of  Ni-P  coatings  is  not  significant  for 
the  single  cell  with  NDU-EN-1  BPPs,  because  the  conductive  and 
anti-corrosive  properties  of  Ni-P  coatings  are  insufficient. 

4.  Conclusions 

The  Au/Ni— P  multilayer  coating  was  produced  on  Al-based 
bipolar  plates  using  the  electroless  nickel  immersion  gold  tech¬ 
nique,  and  its  properties  and  performance  for  the  application  to 
PEMFCs  were  evaluated.  Ni-P  coated  substrates  were  prepared  at 
various  pH  values  (pH  4.5, 5.5,  and  6.5),  and  the  deposit  produced  at 
pH  4.5  (NDU-EN-1)  possessed  the  lowest  Ni  content  (80.9  at.%)  and 
an  amorphous  state.  This  deposit  has  the  smoothest  surface 
morphology  and  the  best  corrosion  resistance  among  all  Ni-P 
deposits.  For  preparing  Au/Ni-P  multilayer  coatings,  the  Au  layer 
deposited  on  the  Ni— P  with  lowest  Ni  content  (NDU-ENIG-1)  is 
denser  and  more  anti-corrosive  in  a  0.5  M  H2SO4  +  2  ppm  HF 
solution  than  other  ENIG  coatings. 

The  bare  Al-alloy,  NDU-EN-1,  and  NDU-ENIG-1  bipolar  plates 
were  employed  for  interfacial  contact  resistance,  electrochemical 
impedance  of  single  cells,  and  single  cell  performance  measure¬ 
ments.  The  NDU-ENIG-1  bipolar  plate  represented  the  lowest  ICR 
value  of  4  mQ  cm2  at  the  compaction  pressure  of  140  N  cm-2,  which 
achieves  the  goal  of  U.S.  DOE  for  bipolar  plate  application,  because 
of  high  conductivity  of  Au  coating  and  good  bonding  between  Au 
and  Ni-P  alloys.  The  high  frequency  impedance  of  NDU-ENIG-1 
measured  at  initial  and  100  h  operating  stages  was  8.3  and 
9.1  mQ,  respectively,  indicating  that  the  oxidation  is  not  easy  to 


occur  on  NDU-ENIG-1  surface  even  undergoing  a  long-term  test. 
The  single  cell  with  NDU-ENIG-1  BPPs  exhibited  a  power  density  of 
0.84  W  cm-2  at  a  cell  voltage  of  0.7  V,  which  is  better  than  that  of 
the  cell  with  traditional  graphite  BPPs  (0.80  W  cm-2).  Based  on  the 
excellent  performance  presented  above,  the  Al-alloy  BPP  with 
NDU-ENIG-1  coating  has  an  advantageous  effect  on  surface 
conductivity  and  corrosion  resistance  for  the  application  in  PEM 
fuel  cell  systems. 
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